To insert high performance oxide-confined vertical-cavity surface-emitting lasers (VCSELs) into the manufacturing arena, we have examined the critical parameters that must be controlled to establish a repeatable and uniform wet thermal oxidation process for AlGaAs. These parameters include the AlAs mole fraction, the sample temperature, the carrier gas flow and the bubbler water temperature. Knowledge of these critical parameters has enabled the compilation of oxidation rate data for A1GaAs which exhibits an Arrhenius rate dependence. The compositionally dependent activation energies for A1Ga1M layers of x=l.OO, 0.98 and 0.92 are found to be 1.24, 1.75, and 1.88 eV, respectively.
INTRODUCTION
Significant advances in vertical-cavity surface-emitting laser (VCSEL) performance have been realized by employing wet thermal oxidation' of selected AIGa1As layers2 in the device structure to form the current apertures and to provide lateral index guiding for the lasing mode"3. These performance advances in monolithic oxide-confined VCSELs include extremely low threshold cuffents3A, low operating voltages2, high wall plug efficiencies5'6 and promising lifetimes7. To transfer this technology into the manufacturing arena will require a thorough understanding of the oxidation process, the apparatus and the influence of the experimental parameters on the VCSEL performance. Subtle differences in the oxidation systems and in the process parameters used by various research groups will likely cause variation in the experimental data being reported8. This paper will provide details of the control required for a manufacturable compound semiconductor oxidation process in an oxidation system we have constructed and will illustrate some of the problems and solutions we have encountered in the past 3 years of operation. We also present data on the measured oxidation rates as a function of process parameters (e.g. gas flow, bubbler temperature, etc.) and the oxidation activation energies for AlGaAs compositions of x=1.O, 0.98, and 0.92 along with our present understanding of the oxidation process.
OXIDATION SYSTEM CONFIGURATION
The wet thermal oxidation system has evolved from a simple beaker on a hot plate with crude gas flow control arid a single zone tube furnace to a constant temperature bubbler bath, mass flow gas control, and a 3 zone tube furnace. The objective has been to achieve optimum control, repeatability, and uniformity of the wet oxidation of VCSELs. A schematic diagram of the current oxidation system is shown in Fig. 1 . The nitrogen inlet gas (derived from liquid N2 boil off) is dried and purified before entering the mass flow controller. The gas is then passed through a 2 ft. coil of stainless tubing submerged in the constant temperature bubbler bath to preheat the gas prior to entering the water bubbler. The 5 liter Pyrex bubbler flask is submerged in a 26 liter constant temperature bath of silicon oil. The bath temperature regulation is specified at 0.005°C . There is also a K-type thermocouple submerged in the water (not touching the flask) to monitor the actual into the laboratory exhaust system providing a safe exhaust for any toxic gases that might be evolved. The condenser 78 between the furnace and the exhaust prevents excessive 58 -
water condensation in the laboratory exhaust system.
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The amount of water vapor that can be transferred into the N2 gas stream is proportional to the water Carrier Gas Flow (1/mm) Figure 2 . Buried layer oxidation rates in steam at 440°C for different bath temperatures and carrier gas flow rates.
Furnace temperature calibration was accomplished using three K-type thermocouples: one thermocouple located in the center of the furnace with the other two offset at opposite ends of the boat giving a test zone of 6 inches. The thermocouples were placed in intimate contact with the boat since the oxidation samples, which lie parallel to the gas flow on the flat boat, will be in thermal equilibrium with the boat. Note that the boat temperature is somewhat different than the gas temperature due to the heat sink of the furnace walls and that all of the temperatures described in the following sections correspond to the boat temperature rather than the gas temperature. Careful adjustment of the set point temperatures of the 3 furnace zones results in a 'flat zone' along the 6" boat with less than one degree variation at a 3 1/mm. carrier gas flow as shown in Fig. 4a . The measured boat temperatures are also a strong function of the moisture content in the inlet gas as shown in Fig. 4b and c reemphasizing the need for stable bubbler temperature control. This degree of temperature and gas flow calibration and control should be considered as the minimum required to insure repeatable oxidation for VCSEL fabrication. near the active region in the top distributed Bragg reflector (DBR)''. The samples were grown using an EMCORE GS32OOmeta1organic vapor phase epitaxy rotating disc reactor which provides extremely good (± 0.2%) compositional uniformity across the 3" wafer as is required for accurate oxidation rate experiments'2. The alloy composition was parabolically graded across the heterointerfaces of high and low Al containing layers to reduce series electrical resistance in the laser mirrors. The oxidation rates for AlGa1As compositions of x=O.98 and 0.92 were measured from the same wafer, while the AlAs rates were obtained from a second wafer. All of the oxidation rate measurements were made from 1 10pm square mesas on 125im centers to maintain a similarity to the VCSEL mesas used for device fabrication. The oxidation extent was determined by measuring the amount of unoxidized material left after oxidation in an infared microscope and subtracting that value from the mask mesa size. This technique was used due to the difficulty in accurately observing both the mesa edge and the unoxidized region simultaneously. The lateral extent of oxidation was averaged over the 2 orthogonal mesa directions to remove an' systematic sample orientation effects in the furnace. The mesas were dry etched in a reactive ion etching system which typically produced nearly vertical sidewalls. Systematic error in the measurement results in a linear offset that is about the same for all of the samples and is estimated to be I ;.ii-n. The boat was pulled from the hot furnace, samples were placed on the hot boat and moved back into the system within 10 seconds. The oxidation time is defined as when the sample boat reaches the center of the furnace until when the boat is pulled out of the furnace.
A typical monolithic oxide-confined VCSEL structure produced at Sandia National Laboratories uses an AlAs mole fraction of 92% in the low index distributed Bragg reflector layers and 98% for the buried oxide aperture'9. We also include the AlAs oxidation rate for completeness but its use for oxide-confined VCSELs is not recommended due to oxide stress issues'3. Typical oxidation extents for our VCSELs are between 10 and 50microns and we employ total oxidation times that are relatively short but easy to control: 10-20 mm. Within these constraints, the lateral oxidation rate is linear for all of the temperatures, times, and compositions investigated as shown in Fig. 5a . Note that there is sufficient selectivity in the oxidation rate to allow the buried 98% layer to oxidize about 3 times faster than the 92% layers. The linear fits to the data in Fig. 5 do not all pass through the origin due to the small variation between the mask and the actual mesa size as mentioned above. Figure Sb Figure 7 . Contourplot of measured oxidation rates across a quarter of a 3" VCSEL wafer oxidized in steam at 440°C with the sample placed parallel to the gas flow as indicated by the arrows. 6.09 quarter of a 3" wafer operating condition for VCSEL fabrication is indicated in Fig. 5a , where we typically operate at 440°C for -18 mm. to oxidize -15 jim.
A compilation of the rates measured over a I year time span are given in Table 1 and plotted in Fig. 6 . The temperature dependence can be fit to an exponential curve due to its Arrhenius relationship. The oxidation rate activation energies from the various Al compositions are shown in Fig. 6 ; for comparison the wet thermal oxidation energy of Si is I .96 eV'4. The variation in activation energy for the various Al compositions is indicative of the significant oxidation rate selectivity between 98% and 92% AIGaAs which is exploited for VCSEL fabrication2.
We also see excellent oxidation uniformity across one quarter of a 3" wafer as seen in Fig. 7 . The oxidation rate is slightly lower on the down stream side of the wafer presumably due to H20 vapor depletion. However, the variation in rate is less than 2% across the entire surface. Assuming this oxidation rate variation is due only to wafer compositonal nonuniformity and using an exponential fit to the rate versus composition curve, yields a compositional range of x=O.9795 to 0.98 10 for the nominally 98% AlGaAs. Thus we conclude that our oxidation process is sufficiently uniform, even in the presence of AlAs mole fraction variations of 1 x iO.
CONCLUSIONS
Strict control of the AlAs mole fraction, the water (bath) temperature, sample temperature, and gas flow rate are all important for repeatable and uniform oxide-confined VCSFL fabrication. We have presented data showing that a carefully designed oxidation system can give reproducible oxidation rates that are appropriate for the manufacture of high performance selectively oxidized VCSEL arrays. We find that the resulting oxidation rates are linear with time over a large temperature range for Al mole fractions of 92% to 100% and that there is sufficient selectivity to Al composition for fabricating monolithic VCSELs with buried oxide apertures. As VCSELs emerge into the marketplace in present and new applications, high performance devices based on fabrication processes such as described here will likely be utilized.
ACKNOWLEDGMENTS
Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy under Contract DE-ACO4-94AL85000.
